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Introduction
Numerous mushrooms and other fungi contain carbohydrate-binding proteins commonly known as lectins [1] [2] [3] . Though not all previously identified lectins have been purified and characterized, the available biochemical, sequence and structural data provide ample evidence that fungi, and more specifically the largest and diverse phylum Ascomycota, express a heterogeneous mixture of carbohydrate-binding proteins.
Fungal lectins can be assigned as storage proteins 4, 5 and are involved in morphogenesis and development of the fungi 6, 7 . Contrary to established roles of bacterial lectins in host-parasite interactions, the functional roles of lectins expressed by phytopathogenic fungi is poorly understood. Although many believe that fungal lectins mediate host-parasite interactions 8 similar to bacterial adhesins, they have been implicated in the process of specific recognition in mycoparasitism and mediate interactions between parasitic and pathogenic fungi and their hosts 5, 9 . However, none of these assigned roles are clearly established.
To further corroborate the diversity of fungal lectins, a cytoplasmic lectin has recently been characterized from the phytopathogenic ascomycete Sclerotinia sclerotiorum, a fungal pathogen that has the broadest host range of all known fungi 10 . The so-called Sclerotinia sclerotiorum agglutinin (SSA) can be considered the prototype of a small lectin family, which hitherto has been documented exclusively in the Sclerotiniaceae family. Although orthologs of SSA have been isolated from sclerotes of several Sclerotina species 11 , complete sequences are available only for SSA and the orthologs from Botryotinia fuckeliana, Pyrenophora tritici-repentis and Cochliobolus heterostrophus. Sequence comparison reveals that the SSA orthologs represent a novel family of fungal lectins that shares limited sequence similarity with other fungal lectins. Preliminary biochemical and structural characterization has revealed that SSA readily interacts with glycolipid glycans harboring terminal non-reducing Gal or
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GalNAc residues and galactosylated N-glycans with highest affinity for α1-3 branched monoand multi-antennary chains 12 .
Since SSA appears to exhibit sugar-binding properties distinct from other previously characterized fungal lectins, it might identify a new lectin subfamily, more widespread within the phylum Ascomycota.
A molecular modeling study using threading algorithms has shown that SSA is remotely related to the β-trefoil domain of the non-toxin haemagglutinin HA33/A from Clostridium botulinum 13 that is classified in the ricin B-like lectin superfamily. The ricin B chain, which belongs to the ricin-like or R-type lectin family, is characterized by the presence of a triple (QXW) 3 motif 14 and is widespread in bacteria, animals and plants, but has not been studied extensively in fungi. Only a few ricin-B type lectins have been isolated from fungi, the best known examples being the multi-modular lectins from the mushrooms 15 and Polyporus squamosus 16 , and the pore-forming lectin from the mushroom Laetiporus sulphureus 17 . However, we may anticipate that the ricin-B domain is also fairly widespread in the newly available fungal genomes .
Marasmius oreades
In a further step towards understanding the carbohydrate specificity and the oligomeric assembly of this novel fungal lectin, we report the 1.60 Å and 1.97 Å resolution crystal structure of SSA in absence or presence of bound Gal-β1,3-GalNAc (T-antigen). The monomer structure of SSA closely resembles that of the ricin B lectin domain, a trefoil-based fold observed in many lectins and carbohydrate-binding domains, but the shape and hydrophobic character of the unique carbohydrate binding site are markedly modified compared to that of other members of the β-trefoil fold family, consistent with the carbohydrate-binding specificity of the lectin. SSA shares highest structural similarity with the β-trefoil domain of the multi-modular Galα1,3Gal specific lectin from the mushroom
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, the hemagglutinin HA1 and HA-17 subcomponents from the Clostridium botulinum type C progenitor toxin 19 and a serotype D toxin complex from
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Clostridium botulinum 20 . SSA exhibits a novel dimeric assembly that is rarely observed within members of the ricin-B type lectin family and may participate to multivalent lectincarbohydrate cross-linking interactions. Altogether these results suggest that SSA identifies a new lectin subfamily with specific sequence and carbohydrate binding properties and might
give indications towards the possible involvement of this subfamily of fungal lectins in the regulation of morphogenesis or pathogenesis.
Results and discussion
Quality and overall view of the structure
The structures of SSA in the apo form and in complex with the T-antigen disaccharide were solved from crystals grown in two distinct space groups. They show well-defined electron densities for most of the protein regions and bound sugar and exhibit excellent stereochemistry (Materials & Methods, Table 1 ).
The SSA monomer with overall dimensions of 30 x 30 x 25 Å belongs to the β-trefoil fold family and adopts a typical three-lobed organization, that consists of three four-stranded β sheets (β1-β4, β5-β8 and β9-β12), referred to as subdomains α, β and γ and displaying characteristic pseudo-three fold symmetry 21 ( Fig. 1) . Structure superposition of the three subdomains reveals that the overall structure of these domains is quite similar to each other with rmsd between subdomains in the 1.55 to 1.66 Å range for ~40 Cα atoms, with subdomain β being the smallest. In contrast to most of the extracellular R-type lectins that have been extensively studied, SSA lacks the two disulfide bridges that stabilize the β-trefoil fold, a feature that is also observed in most cytoplasmic ricin-B lectin domains. Moreover, the key/characteristic signature QXW motif reminiscent of the R-type lectins is present only in the third subdomain of SSA 
Glycan array screening
Analysis of the carbohydrate binding specificity of SSA by glycan array screening revealed strong interaction of the lectin with GalNAc-containing oligosaccharides ( Table 2) , consistent with previously reported binding data using various pNP-oligosaccharides as potential ligands 12 .
Although there is a clear preference for terminal non-reducing Gal/GalNAc residues, the specificity of SSA is rather broad and glycans with internal Gal/GalNAc residues are also recognized. SSA also reacts with branched oligosaccharides, but addition of extra sugar moieties can lead to low affinity glycans. For instance, glycans with 1,2-fucosyl residues α linked to the Gal moiety of the GalNAcα1,4Gal core show a significant response, while those with fucose linked to the terminal Gal, as found in the core H (type 3) blood group antigen,
show only a moderate response. Such an interaction with fucosylated glycans was revealed in a previous binding analysis using version 2 of the printed glycan array 22 . While the profile of binding specificity is similar for the three (0.25, 0.5 and 1.0 µg/ml) lectin concentrations tested, complex N-glycans were recognized only at the two higher concentrations (Supp. Fig.   S1 ).
The carbohydrate-binding site
The structure of SSA in complex with the Galβ1,3GalNAc disaccharide reveals a wellordered carbohydrate at only one (site α) out of the three possible sites ( Fig. 2 ) and provides detailed lectin-carbohydrate interactions ( Table 3 ). The nonreducing Gal moiety is tightly bound at the primary binding site within the α site, consistent with the requirement of
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unsubstituted non-reducing terminal Gal/GalNAc residues for binding activity The O2 hydroxyl is bound to Asn46 via a water-mediated interaction. The GalNAc moiety is exposed to the solvent and interacts only weakly with residues in the carbohydrate-binding site ( Fig. 2) , consistent with the diversity of sugar linkages and moieties allowed beyond the requirement of terminal Gal or GalNAc residues ( Table 2) . Indeed, only the O4 hydroxyl of GalNAc acts as hydrogen-bond donor to the carbonyl oxygen of Glu25, while the O6 hydroxyl weakly interacts with the Glu25 carboxyl group. The overall conformation of the bound Galβ1,3GalNAc (Φ/Ψ = 44°/-10°) falls within the minimum energy area calculated for the disaccharide 23 . Structural comparison of the apo and sugar-bound form reveals no major conformational changes upon binding of the disaccharide. In the apo form, a glycerol molecule is observed in site α and partly mimics a bound Gal moiety (Fig. 2) .
Examination of the amino-acid sequence of SSA reveals that the key aromatic side chains (Tyr37 and Trp24) for sugar binding in site α are absent in sites β and γ, and may explain the lack of sugar binding activity in these two sites (Fig. 1) . The carbohydrate binding site of SSA is shallow and solvent-exposed and may permit accommodation of both the α and β conformation of the 1,3 or 1,4 glycosidic linkage. The carbohydrate-binding site of SSA is filled with 14 well-ordered water molecules that are mostly clustered in the vicinity of the O2 and O3 positions of Gal, suggesting that SSA could accommodate the larger acetamido group of GalNAc, other sugar substituents or bisecting/multi-antennary glycan chains. Indeed, models of the α-GalNAc complex generated using Autodock Vina 24 showed that the docked
orientation of α-GalNac is nearly identical to that of Gal in the T-antigen complex observed in the X-ray crystal structure. The N-acetyl group lies in the vicinity of the Glu25-Gly26 backbone atoms and the side chains of Ser44 and Asn46 (Fig. 2) , indicating that terminal Nacetylgalactosaminyl moieties could also be easily accommodated into the carbohydratebinding site of SSA, consistent with the glycan array data ( Table 2) .
Despite low sequence similarity, the carbohydrate-binding site of SSA reveals structural similarities to other previously reported ricin-like or R-type lectin-sugar complexes.
Although SSA displays only a single carbohydrate-binding site at site α, the mode of binding to Gal resembles that observed in other galactose-binding lectins. Structural comparison of SSA and the galactose-binding lectin EW29 25 (from the earthworm Lumbricus terrestris), which contains two carbohydrate binding sites at sites α and γ (Fig. 2) , reveals a similar orientation of the terminal Gal moiety in EW29, with an outward 1.6 Å displacement of the sugar ring compared to its position in SSA along with a shift of the β1-β2 loop. Despite the close structural similarities between SSA and the β-trefoil domain of (MOA) (rmsd of 1.24 Å for 125 Cα atoms), the Gal moiety adopts a distinct position and orientation in the two structures. In MOA, the non-reducing terminal Gal moiety of the blood group B trisaccharide is shifted by ~1.5 Å and rotated by ~30° compared to its position in SSA to favor interactions between the O4 and O6 hydroxyl groups of Gal and MOA (Fig. 2) .
A novel dimeric interface
The SSA crystal structure identifies a novel dimer interface for a R-type fungal lectin, consistent with data from gel filtration experiments (Supp . Fig. S2 ). The overall architecture of the SSA dimer consists of a compact assembly with dimensions of 60 Å x 30 Å x 25 Å that buries a flat surface on each β-trefoil monomer. The dimer interface is formed by the tight association of the β4 and β5 strands from each monomer with the participation of two
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peripheral loop regions (β5-β6 and β7-β8) (Fig. 2) . In turn, the dimeric assembly of SSA differs from the heterodimeric assembly of the lectin domain of ricins 26 . In fact, a structural overlay between SSA and the ricin B chain from the castor bean plant 27 reveals that a nine residues insertion in the β4-β5 loop of SSA prevents formation of a dimeric assembly as seen in the ricin R-type lectin domain. In SSA, the calculated buried surface area to a 1.4 Å probe radius encompasses ~950 A 2 on each subunit and involves 16 residues that are dominantly apolar. The topology of the β-strands recruited in this novel dimer interface is conserved in sequence family members of SSA (see below) and residues involved in this assembly are well conserved, suggesting that this type of dimeric association should be preserved in SSA homologs.
Diversity in the oligomeric assembly of various lectins that share a similar fold has been already described and may account for their multivalent carbohydrate-binding BLAST searches using the SSA sequence as a template identified close homologs in the genome of the three plant pathogenic fungi, Botryotinia fuckeliana (Botrytis cinerea), Pyrenophora tritici-repentis and Cochliobolus heterostrophus, the former two belonging to the same Pleosporaceae family. These three putative SSA homologs share approximately 77%, 27% and 28% sequence identity, respectively, and may belong to the same family of fungal lectins, as key residues at the carbohydrate binding site are conserved in site α along with most of side chains involved in the dimeric assembly (Fig. 3) .
In summary, the crystal structure of SSA reveals that the specific binding to terminal Further studies to elucidate/investigate the biological role of this emerging class of fungal lectins are required.
Materials and Methods
Materials
SSA was isolated from mature Sclerotina sclerotiorum sclerotes and purified as described previously 11 .
Crystallization and data collection
For crystallization, ammonium sulfate precipitated SSA was extensively dialyzed against 10 mM Hepes pH 7.5 and 150 mM NaCl, and concentrated to 7. 
Structure determination and refinement
Attempts to solve the structure using a Se-labelled D-Gal-β-SePh derivative were unsuccessful. Initial phases were obtained by molecular replacement with the PHASER program 31 using as search model a structural template generated with the protein homology recognition engine Phyre 32 which uses profile-profile matching algorithms for the detection of homologs of known three-dimensional structure, the so-called template-based homology modelling or fold-recognition. The model generated by the Phyre server was based on the crystal structure of Clostridium botulinum non-toxin haemagglutinin HA33/A 13 (pdb accession number 1YBI) and led to an unambiguous solution in PHASER with a Z-score value of 51 in the 15 Å to 2.8 Å resolution range. The resulting model, comprising four molecules of SSA in the asymmetric unit, was rebuilt in an automatic fashion with the
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program ARP/wARP 33 . Final refinement was then performed with REFMAC 34 using data up to 1.6 Å resolution and the resulting SigmaA-weighted 2mFo-DFc and mFo-DFc electron density maps were used to correct the model with the graphics Emsley 2004}. The structure of the SSA disaccharide complex was solved by molecular replacement with Phaser 31 , using apo SSA as a search model. The structure of the complex was subsequently refined and manually adjusted with the programs REFMAC 34 and COOT 35 , respectively.
The final apo model comprises residues Gly2 to Lys 153 for the four SSA molecules and two glycerol molecules arising form the cryo buffer; that of the disaccharide complex comprises residues Gly2 to Lys153 for a single SSA molecule, a Galβ1,3GalNAc
disaccharide, four sulfate ions arising from the crystallization buffer and two small PEG molecules arising form the cryo buffer. In the two structures, the backbone region of residues Gly58 to Ser60 adopts two alternate conformations while, in the apo structure, the surface loop region Thr103-Glu108 is disordered. The r.m.s.d. between the apo and sugar-bound form is 0.64 Å for 144 Cα atoms. In the apo form, the β2-β3 surface loop region containing the residue pair Trp24-Glu25 at site α undergoes large conformational changes in one out of four molecules, but these movements are mediated by the crystal packing environment. The stereochemistry of the models was analyzed with MolProbity 36 ; no residues were found in the disallowed regions of the Ramachandran plot. Data collection and refinement statistics are reported in Table 1 . Structural sequence alignment was performed with the RAPIDO server 
Glycan array screening
The glycan binding specificity of SSA was analyzed by the Consortium for Functional
Glycomics using microarrays v3.1 22 . Full details of protocols used and the ~380 glycans included in the array are presented on the Consortium's web site M A N U S C R I P T
ACCEPTED MANUSCRIPT
http://www.functionalglycomics.org/static/consortium/resources/resourcecoreh8.shtml) and described by Paulson and co-workers A C C E P T E D M A N U S C R I P T 
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